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with Rhodamine 640

André L. Moura,"® Renato Barbosa-Silva,? Christian T. Dominguez,® Edison Pecoraro,*
Anderson S. L. Gomes,? and Cid B. de Araujo®

1Grupo de Fisica da Matéria Condensada, Niicleo de Ciéencias Exatas—-NCEx, Campus Arapiraca,
Universidade Federal de Alagoas, 57309-005 Arapiraca, AL, Brazil

Departamento de Fisica, Universidade Federal de Pernambuco, 50670-901 Recife, PE, Brazil
3Laboratério de Optica Biomédica e Imagem, Universidade Federal de Pernambuco, 50740-530 Recife, PE,
Brazil

“General and Inorganic Chemistry Department, UNESP-Séo Paulo State University, Institute of Chemistry,
14800-060 Araraquara, SP, Brazil

(Received 5 February 2018; accepted 20 March 2018; published online 5 April 2018)

Photoluminescence properties of single bead silica-gel (SG) embedded with a laser-dye were stud-
ied aiming at the operation of near-infrared (NIR) Random Lasers (RLs). The operation of RLs in
the NIR spectral region is especially important for biological applications since the optical radia-
tion has deep tissue penetration with negligible damage. Since laser-dyes operating in the NIR
have poor stability and are poor emitters, ethanol solutions of Rhodamine 640 (Rh640) infiltrated
in SG beads were used. The Rh640 concentrations in ethanol varied from 10> to 1072 M and the
excitation at 532nm was made by using a 7ns pulsed laser. The proof-of-principle RL scheme
herein presented was adopted in order to protect the dye-molecules from the environment and to
favor formation of aggregates. The RL emission from~650nm to 720nm, beyond the typical
Rh640 monomer and dimer wavelengths emissions range, was attributed to the trade-off between
reabsorption and reemission processes along the light pathways inside the SG bead and the contri-

bution of Rh640 aggregates. Published by AIP Publishing. https://doi.org/10.1063/1.5024934

I. INTRODUCTION

Random Lasers (RLs), initially proposed by Lethokov'
and efficiently implemented by Lawandy et al.,” in dye-
based colloids are currently receiving large attention mainly
because of their complex characteristics and potential appli-
cations in photonics and medical physics.>* A large number
of studies have been performed with RLs based on different
hosts, various gain media, and a large variety of architec-
tures.”® Presently one goal of large interest is the possibility
of obtaining dyes-based RLs emitting beyond the visible
spectral range. Near-infrared (NIR) RLs are interesting for
biological applications since the optical radiation in this
range has a deep tissue penetration and does not produce
damage in cells.” Unfortunately, laser-dyes that operate in
the NIR present poor stability and low absorption at the stan-
dard pump wavelength of 532nm.'™'" Then, in order to
overcome this drawback, Cerdan et al.'® reported RL emis-
sion in the NIR using a mixture of two dyes. One dye
absorbs efficiently the incident radiation and acts as the
donor. The second dye is the acceptor which receives the
energy transferred from the donor, thereby emitting light
with wavelength longer than 650nm. The energy transfer
(ET) mechanism between the donor and acceptor dye mole-
cules was the Forster resonance energy transfer (FRET) pro-
cess. Another report of long wavelength RL was made by El-
Dardiry and Lagendijk'? with the goal of achieving NIR
emission by engineering the laser-dye absorption cross
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section. They used a mixture containing a nonfluorescent
dye (Quinaldine Blue) and Rhodamine 640 (Rh640).
Emission wavelength shifted by a few nanometers due to the
change of the Rh640 gain curve caused by the nonfluorescent
dye was observed. Another way to obtain shifted RL wave-
length is by exploitation of reabsorption/reemission (ReAb/
ReEm) processes while the emitted light propagates along
the active medium."? In a more recent work,14 this goal was
again addressed and white light emission from a RL based
on a mixture of different dyes was reported.

Besides the works in Refs. 1014, there are other possi-
bilities to control the dye photoluminescence (PL) by chang-
ing the electronic structure of the molecules, their mutual
interaction, the excitation laser intensity, and the influence of
the environment. For instance, by exploiting ET processes
between monomers and dimers of Rh640, Barbosa-Silva
et al."> demonstrated bichromatic emission that was tuned by
adjusting the energy pulse excitation (EPE) incident on a
powder consisting of sub-micrometer silica particles, synthe-
sized by the Stober modified method,'® infiltrated with
Rh640.

In order to characterize the relevance of the ReAb/
ReEm and ET processes to extend the tunability range of
dye-based RLs, we investigated the PL characteristics for
large concentrations of Rh640 infiltrated in silica-gel (SG)
beads. The introduction of dye-molecules in SG beads may
be obtained by capillary absorption (post-doping method),
when the matrix is embedded in a solution (e.g., ethanol
+ Rh640), or by introducing the dye molecules at the sol-gel
stage of the silica beads preparation (pre-doping method)."”

Published by AIP Publishing.
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In both cases, once the solvent is evaporated, the dye mole-
cules attach to the host matrix by electrostatic interaction or
by covalent binding.'” The formation of Rh640 aggregates
inside the SG beads is favored by the interaction among the
molecules and the polar surface nature of the host.'® It is
known that increasing the dye concentration leads to forma-
tion of fluorescent dimers (J-dimers) until a concentration
limit is reached and the J-dimers are gradually converted to
non-fluorescent H-dimers.'” On the other hand, the works
reported in Refs. 20-22 indicate that other dyes may present
a behavior analogous to Rh640.

Therefore, the results of Refs. 15, 17, and 19-22 lead us
to the conclusion that nanoporous SG beads containing Rh640
can be an appropriate hybrid material for RL operation in the
NIR. Specifically, SG beads infiltrated with Rh640 may be
employed as solid state RL because the feedback necessary for
laser action is obtained by a combination of light confinement
in the SG nanopores and multiple scattering due to the disor-
dered SG structure. The use of SG beads is also advantageous
because the interaction of light with the dielectric particles nor-
mally used in RLs, like TiO,, generates electron-hole (e-h)
pairs by two-photon absorption that contributes for fast degra-
dation of the dye molecules due to charge-transfer from the
dielectric particles to the dye molecules.”>** In the SG beads,
the generation of e-h pairs is not relevant because the silica
energy bandgap is larger than twice the energy of the incident
photons in the visible range. However, in spite of the large
amount of studies related to the PL properties of dyes doped
sol-gel samples, only few reports on RL emission were pre-
sented.'>*® For instance, besides the work reported in Ref.
15, Garcia-Revilla et al.*>?*® showed RL with low threshold in
a SG powder obtained by grinding SG bulk samples doped
with Rhodamine 6G (Rh6G) prepared by the pre-doping
method. In Ref. 27 the authors investigate the RL behavior of
Rhodamine 610 (Rh610)-TiO, nanoparticles confined in a sil-
ica xerogel matrix. The concentrations of Rh610 and TiO,
were adjusted in order to optimize the emission centered
at~580nm due to the dye monomers. In Ref. 28, alumina
porous ceramic was used as Rhodamine B host, and bi-
chromatic emission due to monomers and dimers was observed
as in Ref. 15.

In the present paper, we report RL emission from 650 nm
to 720nm observed in SG beads infiltrated by Rh640. The
samples were prepared by dropping the SG beads in ethanol
solutions of Rh640 with concentrations varying from 10~ to
107> M in order to exploit the contribution of aggregates
which emits long optical wavelengths. The available literature
(see, for instance, Refs. 15, 25, 26, 29, and 30) indicates that
the emission in the observed wavelength range (650—720 nm)
is not usual for Rh640 based RLs pumped by a 532 nm laser.
Therefore, the present report shows an original procedure to
exploit ReAb/ReEm and ET processes in order to extend the
tunability range of dye-based RLs.

Il. EXPERIMENTAL PROCEDURES
A. Samples preparation

Commercially available SG single beads that are almost
spherical with average diameter of 1.4 mm were used. The
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nanoporosity structure of the beads was characterized using
the Brunauer—Emmett—Teller (B.E.T.) technique®' and scan-
ning electron microscopy (SEM). It was observed that the
SG beads present roughness of ~50 nm and pores with aver-
age diameter of 2.5 nm. The average pore size diameter was
determined applying the N, adsorption/desorption technique,
by using B.E.T.*! and the Barret-Joyner-Halenda (B.J.H.)
equations” to isotherm curves relating volume to pressure.
Applying these techniques, the N, gas is allowed to condense
inside the pores, and the sample’s fine pore structure can be
evaluated. As the pressure increases, the gas condenses first
into the pores with the smallest dimensions. The pressure is
increased until saturation is reached and then all pores are
filled with liquid. Evaluation of the adsorption and desorp-
tion branches of the isotherms and the hysteresis between
them provide information on the porous size and volume.
Further details are given in the supplementary material.

To prepare the samples for RL operation, we soaked the
SG beads into an ethanol solution of Rh640 for 24h.
Afterwards, the samples were dried for 5 h at 70°C to
remove the ethanol. At this temperature, the dye molecules
are not expected to change their chemical properties, as dem-
onstrated in Ref. 21. The nanoporous constitute the network
where the Rh640 molecules are infiltrated. Samples prepared
with Rh640 concentrations in ethanol of 1075, 1074,
5%x107°, and 107> M were used in the experiments.
Formation of Rh640 aggregates occurs for the whole range
of concentrations.'®!"?

B. Optical measurements

The experimental setup to excite the SG samples and to
collect the PL signals is similar to the ones described in
Refs. 15 and 23. The second harmonic of a Q-switched
Nd:YAG laser (7ns, 532nm) was focused on the center
(unless specified) of a single SG bead by a biconvex lens of
10cm focal distance. The beam area in the focal plane was
determined with a charge-coupled device (CCD) camera to
be 1.3 x 10~ cm®. The PL measurements were performed
either at 5 Hz pulse repetition rate or single-shot. A pair of
polarizers was used to control the EPE incident on the SG
bead. The emitted light was collected by a pair of lenses
placed along a direction perpendicular to the incident beam
direction and sent to a spectrometer that has resolution of
0.75 nm.

lll. RESULTS AND DISCUSSION

Figure 1(a) presents a typical SEM image of a SG bead,
where the presence of roughness distributed in a random vol-
umetric arrangement is clear. As can be seen in Fig. 1(b),
after the ethanol was removed, the SG beads were uniformly
colored. The scale is in millimeters, the dye concentration
increases from left to right, and the first sphere on the left
does not contain Rh640.

Figures 2(a)-2(d) show the PL spectra, corresponding to
Rh640 concentrations of 107>, 107, 5 x 107>, and 107> M
in ethanol, for various EPE values. The spectra in Fig. 2(a),
corresponding to 10™> M, are typical of Rh640 with central
wavelength at =620 nm and a tail extending to ~650 nm. No
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FIG. 1. (a) Image of a silica gel (SG) bead surface obtained by scanning
electron microscopy. (b) Photograph of SG beads containing different
Rh640 concentrations after the ethanol was removed. The first sphere from
left to right does not contain Rh640; the other beads correspond to various
starting Rh640 in ethanol solutions (concentrations of 1075, 1074, 5% 1073,
and 1072 M, from left to right). The scale is in millimeter.

RL action was observed in this case. For concentrations
larger than 10~ M, the spectra exhibit the characteristic RL
behavior, that is bandwidth narrowing and enhancement in
the slope efficiency as the EPE is increased, as discussed
below. Notice that the PL spectra change as a function of
Rh640 concentration and excitation laser intensity. Figure
2(b) shows that when the concentration is 10~* M, the maxi-
mum RL amplitude occurs at ~660 nm, a wavelength which
is the characteristic of dimers emission. On the other hand,
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FIG. 2. Spectral dependence of the emitted photoluminescence (PL) versus
the excitation pulse energy (EPE), for different starting Rh640 concentra-
tions: (a) 107> M, (b) 107* M, (¢) 5 x 107> M, and (d) 10~ M. The insets in
(b)—(d) are the PL spectra for EPE smaller and near the threshold.
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Figs. 2(c) and 2(d) show the spectra for concentrations of
5% 1072 and 1072 M, and the RL emissions are centered
around 720 and 710nm, respectively, beyond the dimer’s
characteristic emission range. The blue RL wavelength shift
when the dye concentration is increased from 5 x 10~ and
1072 M is essentially due to the position of the incident
beam onto the bead surface, as discussed below.

The absence of spikes in the RL spectra, sometimes
attributed to a non-resonant feedback in which light propa-
gates in a diffusive mode as originally proposed by
Letokhov," does not necessarily mean the absence of reso-
nant modes inside the scattering material. The RL spectra
shown in Fig. 2 are smooth without spikes due to the super-
position of a large number of resonant RL modes inside the
investigated spectral resolution, as well-described in Refs.
33-35. However, an evidence of RL emission, distinguished
from the amplified spontaneous emission, is shown in Fig.
3(b) by the threshold behavior, i.e., enhancement in the slope
efficiency as the EPE is increased. It is worth emphasizing
the presence of spikes does not necessarily mean the exis-
tence of resonant modes since, in the low scattering regime,
the spikes can be due to rare long paths associated with Lévy
flights of photons in the gain region inferred by the observa-
tion of non-Gaussian heavy-tailed intensity distribution as
deeply investigated in Ref. 36. Although the mean free path
could not be determined in the beads by using, for example,
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FIG. 3. Observed behavior for starting Rh640 concentrations of 10’4,
5% 1073, and 1072 M versus the excitation pulse energy (EPE): (a) Full
width at half maximum (FWHM); (b) intensity dependence of the random
laser.
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the coherent backscattering technique,’’ due to technical dif-
ficulties like the small size and nonplanar shape of the beads,
the absence of spikes and the threshold behavior assure that
the photon transport mean free path is of the same order of
magnitude as the RL wavelength supporting high scattering
strengths.

Figure 3(a) shows the full width at half maximum
(FWHM) of the emission band as a function of the EPE for
Rh640 concentrations of 10~* M, 5 x 1073 M, and 1072 M,
while Fig. 3(b) shows the dependence of the PL intensity
versus the EPE. The bandwidth narrowing and the abrupt
change of the PL intensity as the EPE increases provide RL
thresholds of 0.53 mJ (10~* M), 1.25 mJ (5 x 10> M), and
1.60 mJ ( 1072 M). The results for all Rh640 concentrations
are summarized in Table I. The smaller slope efficiency in
Fig. 3(b) and the higher EPE threshold as the Rh640 concen-
tration increases are due to the conversion of J-dimers to
non-fluorescent H-dimers.'>** Accordingly, although all the
range of EPE was not exploited in characterizing the
5 x 107 M, extrapolation of the corresponding linear fit dis-
played in Fig. 3(b) indicates that the maximum RL intensity
is in between the ones for 10~* and 102 M samples. There
is an interplay between the increase in dye concentration and
decrease in the absorption length that implies in a small gain
volume which compensates the luminescence quenching due
to the formation of non-fluorescent aggregates at high dye
concentration.

The spectral behavior shown in Fig. 2 is influenced by
ReAb/ReEm processes due to the large molecules concentra-
tion obtained after removing the ethanol from the samples,
the presence of aggregates, and the multiple scattering pro-
vided by the nanoporous network within the highly disor-
dered SG bead structure. The longer wavelength emission
associated with the Rh640 aggregates is understood consid-
ering the following two possible mechanisms. In one mecha-
nism, monomers or dimers promoted to excited states can
relax to the ground state by emitting photons that are
absorbed by aggregates which emit longer wavelengths. In
the second mechanism, NIR emission occurs due to the ET
from the excited monomers or dimers to the fluorescent
aggregates.”” We emphasize that a large ET probability to
the aggregates enabled by the FRET mechanism is expected,
ensured by the high concentration of Rh640 inside the SG
bead. For high Rh640 concentrations in the ethanol solution
(5% 1072 and 1072 M), the number of aggregates is very
large and consequently the PL from the monomers or dimers

TABLE I. Random laser excitation pulse energy (EPE) threshold, the corre-
sponding intensity threshold, and the minimum bandwidth for different
Rhodamine 640 concentrations.

Rh640

concentration  EPE threshold Intensity Minimum
M) (mlJ]) threshold (MW/cm?)  bandwidth (nm)
107°

107 0.53 570 11.4
5x107° 1.25 1370 9.5

1072 1.60 1760 9.5

J. Appl. Phys. 123, 133104 (2018)

is quenched due to ET to the Rh640 aggregates as evidenced
by the darkness of the more concentrated samples in Fig.
1(b). Owing to the nanoporous network, the light pathways
inside a SG bead can be long due to the multiple scattering.
Moreover, due to the overlap between the absorption and
emission cross section spectra of monomers, dimers, and
larger aggregates, and their spatial proximities, ET processes
are more probable here than in the experiments performed in
solutions'** implying in RL wavelengths larger than the
typical 650 nm wavelength observed for Rh640 monomers
and dimers. We recall that Alvarez er al.*® also found that
the growth of an observed band of long wavelength in dipyr-
romethene dyes incorporated into solid polymeric media was
due to ReAb/ReEm processes together with the contribution
of vibronic transitions.

Figure 4(a) shows the RL spectra for a SG bead prepared
with Rh640 concentration of 107> M and a powder obtained
after grinding the same SG bead. Note that the RL peak is
shifted from ~710 nm to ~650 nm indicating that in the pow-
der the effective light pathway is shorter than inside the
porous network of the bulk SG bead. Also, it suggests that in
the powder, the contributions due to vibronic transitions and
the large Rh640 aggregates become relatively less important
than inside the bulk bead. Figure 4(b) presents the RL
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FIG. 4. Normalized intensity spectrum for starting Rh640 concentration of
1072 M: (a) for a single SG bead and for a powder obtained grinding the SG
bead; (b) for excitation in the positions 1—in the center and 2—near the
edge of the SG bead.
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spectra for excitation in two different positions of a single
SG bead. The excitation laser was focused in the positions 1
or 2, as indicated in the figure, and the PL is collected by a
lens located besides the bead as indicated in Fig. 4(b). The
PL wavelength for excitation at the position 1 was centered
at~710nm, while the emission for excitation at the position
2 was centered at ~675 nm. The wavelength shift of ~35 nm
corroborates the interpretation that the emission at longer
wavelengths is highly determined by the ReAb/ReEm pro-
cess because the PL pathway inside the bead is longer for
excitation in the position 1. This result indicates a new possi-
bility for operation of wavelength tunable dye-based RLs
over large spectral range by tailoring the beads’ shape and
their size, and resorting to pump engineering. Another
remarkable point in the present results is the RL wavelength
blue shift observed in Fig. 2(d) for EPE larger than 2.1 mJ.
This effect, attributed to the influence of excited state
absorption in Ref. 39, will be the subject of future work.

IV. CONCLUSION

In summary, near-infrared random laser emitted by
nanoporous silica-gel single beads infiltrated with Rh640
was demonstrated. The excitation pulse energy threshold, the
minimum bandwidth observed, and the central wavelength
were dependent on the Rh640 concentration and on the light
pathway inside the beads. The samples were prepared by
infiltrating ethanol solutions of Rh640 with concentrations
from 10 to 10~* M into silica-gel beads having dimensions
in the millimeter range. The samples exhibited RL emission
from 670 nm to ~720 nm due to reabsorption/reemission pro-
cesses involving the Rh640 molecules and their aggregates,
as well as the multiple scattering of light provided by the
porous network inside the SG beads. The results also indicate
that the tunability range of dye-based RLs can be extended
by shaping the hosting SG bead or by pumping engineering
using the methods already applied to other systems,**™*?
where shaping the spatial intensity distribution of the excita-
tion light allows RL single-mode operation. The present
results can motivate RL studies using large dye concentra-
tions that have been avoided due to the decrease in the fluo-
rescence quantum yield by the formation of non-fluorescent
aggregates.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed description of
the methods used to determine the porous size and volume of
SG beads.
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